California 9561 6 (E.R.S.); and Fairchild Tropical Garden, l h e fatty acid profiles of various organs of the thermogenic inflorescence of Sauromatum guttatum and of the sporophylls of thermogenic male cones of two cycad species (fncephalartos ferox and Dioon edule var edule and var angustifolium) were determined by gas chromatography. During anthesis, palmitate (1 6:0), oleate [18:1 (9)], cis-vaccinate [18:1 (ll)], and linoleate [18:2 (9, 12)l were the most abundant fatty acids i n the Sauromatum appendix.
One striking example of a thermogenic plant organ is provided by the inflorescence of Sauromatum guttatum (the voodoo lily). On D-day, the day of inflorescence opening, the Sauromatum appendix (a 20-cm-long, slender organ) becomes hot, reaching a temperature of 32°C (Skubatz et al., 1991) . The heat facilitates the vaporization of odoriferous compounds that attract pollinators; the heat loss reaches a value of 1 mW/mg dry weight . The heat is generated by the mitochondria via an alternative, cyanide-resistant pathway. The activity of this pathway, which is present in the mitochondria of many plant species, does not produce ATP, and the energy is thus released as heat (Siedow and Moore, 1993) .
Electron microscopic study of the Sauromatum appendix has revealed the presence of numerous lipid bodies in the cells ). It appears that the lipid bodies, storage organelles of triacylglycerides, are depleted during the day of thermogenic activity, which is designated as D-day. Therefore, we have decided to determine the composition of total fatty acids in the appendix and in other organs of the inflorescence (Fig. l) , and in thermogenic male cones of two cycad species (Encephalartos ferox and Dioon edule var angustifolium and var edule) during development. We report here on changes in the levels of cisvaccinic, oleic, and palmitoleic acids in the Sauromatum appendix during anthesis. cis-Vaccinic acid is present in the six other organs of the Sauromatum inflorescence and in the thermogenic sporophylls of the cycad species. But none of these organs shows the proportional change in the percentage of oleic and cis-vaccinic acids.
MATERIALS AND METHODS

Plant Material and Crowth Conditions
The inflorescences of Sauromatum guttatum were allowed to develop from corms under a 15-h/9-h light/dark cycle at 19°C in a growth chamber (Skubatz et al., 1991) . One appendix was used for the analysis of fatty acids in the morning and evening of the same day. The developmental stage of the appendix was determined retroactively with respect to D-day. Sporophylls of thermogenic male cones of two cycad species (Encephalartos ferox and Dioon edule var angustifolium and var edule) were cut from plants grown outdoors and kept frozen until extraction was performed (Tang et al., 1987) .
Chemicals and Reagents
Fatty acids and FAMES were purchased from Sigma. Methanolic 1 M HC1 used in the transesterification of the fatty acids was purchased from Supelco (Bellefonte, PAI.
Fatty Acid Extraction
Ten to 20 p g of tissue was extracted in 1 mL of methanolic 1 M HC1 in the presence of the interna1 standard Plant Physiol. triheptadecanoin (1,2,3-triheptadecanoyl glycerol, 50 pg/ sample) at 80°C for 1 h. One milliliter of 10% KCl and 0.5 mL of hexane were added and FAMES was extracted into hexane three times. The hexane phase was then concentrated under nitrogen to 0.1 to 0.2 mL, and 1 to 2 pL of the solution was used for GC analysis. Fatty acids were also extracted from 1.5 g of tissue and methylated, and their absolute amount was determined by weight.
GC
Analysis of the FAMES composition of various extracts was performed using a Hewlett-Packard (Palo Alto, CA) 5890B gas chromatograph equipped with a flame ionization detector and a Hewlett-Packard 7673A autosampler. A fused silica capillary column (30 m X 0.25 mm i.d., 0.25 pm film thickness) was used, coated with the bonded stationary phase, Supelcowax 10 (Supelco), using helium as a carrier and makeup gas with a column flow of 1 mL min-'. Samples were injected in the split mode (approximately 60:l) at a column temperature of 200°C. Upon injection the column oven temperature was immediately programmed linearly at 5°C min-' to 260°C and held for 4 min. The injector and detector temperatures were both maintained at 270°C.
GC/MS
GC/MS analysis of the oleic and cis-vaccinic methyl esters was carried out by comparing their retention times and spectral data with those of their respective standards using a VG MD 800 quadrupole mass spectrometer (VG MassLab, Cheshire, UK) fitted with a Carlo Erba 8000 gas chromatograph equipped with a capillary splitless injector and a Carlo Erba A200S autosampler (Fisons Instruments, Cheshire, UK). A fused silica capillary column (30 m X 0.25 mm i.d., 0.25 pm film thickness) was used, coated with the bonded stationary phase, DB-23 (J&W Scientific, Rancho Cordova, CA), and operated with helium (head pressure 2 psi) as carrier gas with a 1 mL min-' septum ],urge. One microliter of each sample was injected in the spl! tless mode (injector temperature, 260°C) at a column temperature of 120°C. After 1 min, injector purge was initiated and the column oven temperature was then programmed linearly at 2°C min-' to 175°C and held for 5 min. The mass spectrometer was operated in the electron ioniz,ition mode with a filament emission current and electron energy of 100 pA and 70 eV, respectively. The ion source temperature was 200°C and the GC/MS interface was held at 260°C. Mass calibration and daily tuning of the quadi*upole was accomplished using a 486DX50 PC and VG LabBase software.
Data Analysis
GC peaks were identified by comparing thei r retention times with those of a mixture of authentic fatty x y l methyl esters. Composition was reported as the percer.tage of the combined area of a11 peaks excluding the interna1 standard.
FTI R
FAMES were prepared from D-2 and D-1 appendices and dissolved in carbon disulfide at a concentIation of 10 mg/mL. The IR absorption of the extracts was tletermined using a FTIR spectrometer (modell460, Perkin-Illmer, Norwalk, CT) over the region 9 to 11 pm (Firestonc and Sheppard, 1992) . The standard was methyl elaidate at concentrations of O to 5 mg/mL.
RESULTS
Fatty Acid Composition of the Sauromafum Appendix
The amount of fatty acids in the appendir increased 2-fold during anthesis, from 2.7 mg/g fresh weight on D-3 to 6 mg/g fresh weight on D-2 (Table I) . On D-day, 50% of total fatty acids was consumed. The major fatty acids present in the appendix tissue during development were palmitic, oleic, cis-vaccinic, linoleic, and linolenic acids (Table 11). The levels of palmitic, stearic, linoleic, ar d linolenic acids fluctuated only slightly during development. The most noticeable change was the interchange in ratio between oleic and cis-vaccinic acids. During prema ture stages from D-19 until D-3, oleic acid accounted for more than 10% of the total fatty acids, whereas 6 cis-vaccinic acid was less than 5%. On D-3, the ratio of oleate to vaccinate The absolute amounts of palmitoleic, oleic, and cis-vaccinic acids were 10 pg, 243 pg, and 81 pg/g fresh weight, respectively, on D-3 morning, and 120 pg, 360 pg, and 660 p g / g fresh weight, respectively, on D-2 morning. The amount of palmitoleic acid increased lz-fold, cis-vaccinic acid increased 8-fold, and oleic acid increased 1.5-fold.
The use of a more polar fused silica capillary column (DB-23) provided better resolution of the methyl esters of the 18:l isomers; oleate and trans-vaccinate still could not be resolved, but cis-vaccinate and elaidate were isolated as single peaks (Fig. 2A) . trans-Double bonds were not detected by FTIR in an extract prepared from D-2 and D-1 appendices, suggesting that trans-vaccinic acid was not present in the appendix tissue. Therefore, the second peak from the right in Figure 2 , B and C, corresponds to oleic acid only. The chromatograms clearly show that the percentage of oleic acid declined, whereas that of cis-vaccinic acid increased. The mass spectra of the isomers were identical (data not shown) with those of the authentic samples and published spectra (Sun and Holman, 1968) . The percentage of oleic acid was negatively correlated with that of cis-vaccinic acid during development (Fig. 3) .
Fatty Acid Composition of Various Organs of the Sauromatum lnflorescence
The major constituents of fatty acids in the organs of the inflorescence were palmitic and linoleic acids, the latter of which was the most prevalent, accounting for about 40% ( Table 111 ). Oleic and cis-vaccinic acids made up less than 10% of the total; cis-vaccinic acid was less than 3% during the thermogenic activity of the appendix.
Fatty Acid Composition of Thermogenic Cycads
The levels of the C,, and C,, fatty acid series in thermogenic male cones of two cycad species were examined (Table IV) . During the week of heat production the most abundant fatty acids were found to be palmitic, oleic, and linoleic acids, whereas the levels of cis-vaccinic, palmitoleic, and stearic acids remained low and almost unchanged. In E. ferox and D. edule var edule the level of oleic acid dropped during the period of heat production, from 11 to 5%' whereas in D. edule var angustifolium it changed very little, from 10 to 9%. During this same interval the level of linoleic acid dropped in sporophylls of E. ferox and D. edule var angustifolium but not in sporophylls of D edule var edule. The level of linolenic acid fluctuated in the opposite direction from that of linoleic acid in those three species. These changes seemed to be species specific arld they reflect the high metabolic activity of these organs.
DISCUSSION
Tissue-specific variations in the fatty acid composition of four thermogenic species occur during anthe,jis. In the thermogenic cycads, lipid respiration (Tang ei al., 1987) and the production of volatiles derived from fatty acids during heat production (Pellmyr et al., 1991) rnay be the reasons for the changes in fatty acid composition. In the Sauromatum appendix, the inverse change in the levels of two 18:l isomers, oleic and cis-vaccinic acids, may also reflect the production of volatile fatty acids (H. Skubatz, D.D. Kunkel, J.M. Patt, W.N. Howald, and B.J.D. Meeuse, unpublished data) and/or the production of heat.
cis-Vaccinate occurs at high levels (more than 10% of total fatty acids) in some seed oils (Chisholm antl Hopkins, 1965; Kleimari and Payne-Wahl, 1984) , fruit pulp (Shibahara et al., 1986 (Shibahara et al., , 1987 Hibahara et al., 1989; Yamamoto et al., 19901 , and tissue cultures of Hydnocarpus anthelminthica (Spencer et al., 1974) and Petroselinum crispum (Illlenbracht et al., 1980) . However, in most plants (Chisholm and Hopkins, 1965; Mukherjee and Kiewitt, 19801 , as well as mammals (Holoway and Wabil, 1964; Kuemmel and Chapman, 1968; Longmuir, 1987) and microorganisms (Fulco, 1983 ), it i s present in low concentrations (0.52%).
It is generally accepted that the oleic acid is almost exclusively derived via A9 desaturation of steari: acid, and that vaccinic acid is formed by A9 desaturation lof palmitic to palmitoleic acid and subsequent C, elongation (Inkpen and Quackenbush, 1969) . A new isomerase responsible for Table 111 . Composition of C, , and C,, fatty acid series in various organs o f the Sauromatum inflorescence on D-day (the positior, o f the organs along the spadix is shown in Fig. I ) The spadix was divided into two regions: the lower, thermogenic region close to the female flowers, and the nonthermogenic reg:ion close to the male flowers, which are thermogenic as well. The following fatty acids were present in amounts less than 2%: 12:0, the conversion of oleic to cis-vaccinic acid and vice versa has been reported in pulp of severa1 fruits (Hibahara et al., 1989; Shibahara et al., 1990; Shibahara, 1993) . However, this isomerization reaction represents a minor pathway in those fruits. Rather, most of the cis-vaccinic acid is derived from palmitoleic acid. In the Sauromatum appendix, palmitoleic acid, the common precursor of vaccinic acid, is a minor component during anthesis, and its absolute amount increases from 10 p g / g fresh weight on D-3 to 120 p g / g fresh weight on D-2. The amounts of cis-vaccinic acid and oleic acid are 660 p g / g fresh weight and 360 p g / g fresh weight, respectively, on D-2. Even though the leve1 of palmitoleic acid is low, it can continuously be synthesized and converted to cis-vaccinic acid. The amount of linoleic acid that is synthesized from oleic acid increases from 1.1 mg/g fresh weight on D-3 to 3.3 mg/g fresh weight on D-2. This increase may contribute to the small increase observed in pholipids (Weber et al., 1979) . This incorporation into the membrane lipids may alter the membrane structure and function. cis-Vaccinic acid has been found in a11 the thermogenic organs examined by us thus far, but its cellular distribution has not yet been studied. Therefore, its role, if any, in thermogenicity has to be elucidated. Since the Sauromatum appendix and the cycad cones emit fatty acid derivatives, cis-vaccinic acid may be involved in the emission of these volatiles. On D-day 50% of total fatty acids, including cis-vaccinic acid is consumed, and it may well be that the acid serves also as a precursor for various fatty acid-derived volatiles.
